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Abstract. The CLAS detector at Jefferson Lab has provided the dominant part of all avail¬ 
able worldwide data on exclusive meson electroproduction off protons in the resonance 
region. New results on the yapN* transition amplitudes (electrocouplings) are available 
from analyses of the CLAS data and will be presented. Their impact on understand¬ 
ing of hadron structure will be discussed emphasizing the credible access to the dressed 
quark mass function that has been achieved for the first time by a combined analysis of 
the experimental results on the electromagnetic nucleon elastic and A —> A* transition 
form factors. We will also discuss further convincing evidences for a new baryon state 
A (1720)3/2^ found in a combined analysis of charged double pion photo- and electro¬ 
production cross sections off the protons. 


1 Introduction 

Studies of the excited nucleon state (A*) spectrum and structure from results on resonance electroex- 
cition amplitudes (jvpN* electrocouplings) at different photon virtualities (Q^) represent an impor¬ 
tant direction in the broad efforts on the exploration of the non-perturbative strong interaction and 
its emergence from QCD iSli. They are the only source of information on many facets of the 
non-perturbative strong interaction in the generation of A*-states with different quantum numbers 
as bound systems of an infinite amount of the QCD current quarks and gauge gluons ||2l. For the 
first time y^pN* electrocouplings of most well established nucleon resonances with masses below 1.8 
GeV have been extracted from the data on exclusive meson electrOTroduction off protons measured 
with CLAS at Jefferson Lab at photon virtualities up to 5.0 GeV“ oIIsIItI]. In these proceedings we 
will present new results on y^pN* electrocouplings from CLAS and will discuss their impact on our 
understanding of the A* structure, and in particular, the opportunity to map-out the dressed quark 
mass function which encodes the emergence of hadron masses and quark-gluon confinement from 
QCD. Furthermore, we will present new results from a combined analysis of the charged double pion 
photo- and electroproduction off protons that strongly support the existence of a new baryon state 
A'(1720)3/2+. 
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2 Evaluation of the resonance parameters from the CLAS data 

Nucleon resonance electroexcitations are described by two transverse (Ai/2(2^), ^ 3 / 2 ( 2 ^)) and one 
longitudinal (S 1/2(2^)) electrocoupling amplitudes. These electrocouplings offer access to the reso¬ 
nance structure. The CLAS detector has contributed the lion’s share of the world data on all essential 
exclusive meson electroproduction channels in the resonance excitation region including Nn, rjp, KY, 
and TT^TT^p electroproduction off protons with nearly complete coverage of the hnal hadron phase 
space The observables measured with the CLAS detector are stored in the CLAS Physics Data 
Base 1^. The available in the resonance excitation region observables are listed in Table[T] 

Table 1. Observables for exclusive meson electroproduction off protons that have been measured with the 
CLAS detector in the resonance excitation region and stored in the CLAS Physics Data Base @]: CM-angular 
distributions for the final mesons (^); beam, target, and beam-target asymmetries A,, A^,); and recoil 

hyperon polarizations (P , P°). 


Hadronic 

hnal state 

W-range 

GeV 

2--range 

GeV^ 

Measured observables 

n^n 

1.10- 1.38 

1.10- 1.55 

1.10- 1.70 

1.60-2.00 

0.16-0.36 

0.30-0.60 

1.70-4.50 

1.80-4.50 

do- 

da 

da 

da 

da A 

da 

da 


1.10- 1.38 

1.10- 1.68 

1.10-1.39 

0.16-0.36 

0.40-1.15 

3.00-6.00 

da 

Alt', At, Ag, 

da 

da 

TIP 

1.50-2.30 

0.20-3.10 

da 

da 

K^A 

1.62-2.60 

1.62-2.60 

1.40-3.90 

0.70-5.40 

da 

da 

P , 


1.62-2.60 

1.62-2.60 

1.40-3.90 

0.70-5.40 

da 

? 

n^n^p 

1.30-1.60 

1.40-2.10 

0.20-0.60 

0.50-1.50 

Nine single-differential 
cross sections 


So far, most of the results on y^pN* electrocouplings have been extracted from independent analy¬ 
ses of n^n, TT^p, and n^ji^p exclusive electroproduction data off the protons. A total of nearly 160,000 
data points (d.p.) on unpolarized differential cross sections, longitudinally polarized beam asymme¬ 
tries, and longitudinal target and beam-target asymmetries for Nn electroproduction off protons were 
obtained with the CLAS detector at VT < 2.0 GeV and 0.2 GeV^ < < 6.0 GeV^. The data have 

been analyzed within the framework of two conceptually different approaches; a unitary isobar model 
(UIM) and dispersion relations (DR) 011. The UIM describes the Nn electroproduction amplitudes 
as a superposition of N* electroexcitations in the i-channel, non-resonant Born terms and p- and ai¬ 
t-channel contributions. The latter are reggeized, which allows for a better description of the data in 
the second- and third-resonance regions. The final-state interactions are treated as nN rescattering 
in the K-matrix approximation 0. In the DR approach, dispersion relations relate the real to the 
imaginary parts of the invariant amplitudes that describe the Nn electroproduction. Both approaches 
provide good and consistent description of the Nn data in the range of W < 1.7 GeV and 2^ < 5.0 
GeV^, resulting in;t'^/d.p. < 2.9. 

The n^n^p electroproduction data from CLAS 0[il provide for the hrst time information on 
nine independent single-differential and fully-integrated cross sections binned in W and in the 
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mass range W < 2.0 GeV and at photon virtualities of 0.25 GeV^ < 2^ < 1.5 GeV^. The analysis 
of the data allowed us to develop the JM reaction model sini] with the goal of extracting resonance 
electrocouplings as well as nA and pp hadronic decay widths. This model incorporates all relevant 
reaction mechanisms in the final-state channel that contribute significantly to the measured 

electroproduction cross sections off protons in the resonance region, including the p^p, 

7r^A^(1520)| , 7r^A^(1685)| , and :t“A( 1620)| meson-baryon channels as well as the direct produc¬ 
tion of the n^n^p final state without formation of intermediate unstable hadrons. The contributions 
from well established N* states in the mass range up to 2.0 GeV were included into the amplitudes 
of nA and pp meson-baryon channels by employing a unitarized version of the Breit-Wigner ansatz 
10] . The current analysis of the preliminary p photoproduction data from CLAS at 1.6 GeV < W 
< 2.0 GeV 1121] revealed the presence of a three-body final state interaction that is parameterized and 
fit to the nine single-differential cross sections. The JM model provides a good description of p 
differential cross sections at IT < 1.8 GeV and 0.2 GeV^ < < 1.5 GeV^ with ;t"^/d.p. < 3.0, and 

the preliminary n^n^p photoproduction data are also described successfully at W up to 2.0 GeV ill2ll . 
The achieved quality of the CLAS data description allows us to isolate the resonant contributions and 
to determine both resonance electrocouplings and nN, nA, and pN decay widths fitting them to the 
measured observables. 

Resonance electrocouplings have been obtained from various CLAS data in the exclusive chan¬ 
nels: n^n and n^p at <5.0 GeV^ in the mass range up to 1.7 GeV, pp at < 4.0 GeV^ in the mass 
range up to 1.6 GeV, and n^n^p at < 1.5 GeV^ in the mass range up to 1.8 GeV SB]- For the 
first time photocouplings and nA and pN hadronic decay widths of all well established resonances in 
the mass range from 1.6 GeV to 2.0 GeV that decay preferentially to the Ntttt final states have become 
available in the analysis of the preliminary CLAS p photoproduction data lll2|] . The resonance 
electrocouplings obtained from these p photoproduction data are consistent with the published 
RPP results 11311 from analyses of Nn photoproduction, confirming the reliability of the updated JM 
model in extracting resonance parameters. 


3 Highlights of the recent results on the N* spectrum and structure from 
the CLAS data 

3.1 Impact of the new CLAS results on studies of the N* structure 

The studies of the V(1440)l/2^ and V(1520)3/2“ resonances with the CLAS detector |3,S] have 
provided the dominant part of the worldwide available information on their electrocouplings in a 
wide range of photon virtualities 0.25 GeV^ < < 5.0 GeV^. Currently the M1440)l/2^ and 

V(1520)3/2“ states, together with the A(1232)3/2+ and V(1535)l/2“ resonances H, represent the 
most explored excited nucleon states. Furthermore, results on the y„pN* electrocouplings for the 
high-lying V(1675)5/2“, V(1680)5/2^, and V(1710)l/2+ resonances have recently been determined 
for the first time from the CLAS Nn data at 1.5 GeV^ < < 4.5 GeV^ fl. 

Figure [1] shows the mentioned electrocoupling results for the V(1440)l/2^, V(1520)3/2“, and 
V(1675)5/2“ resonances together with the preliminary results on the V(1440)l/2^ and V(1520)3/2“ 
electrocouplings from the CLAS n^n~p electroproduction off protons at 0.5 GeV^ < < 1.5 

GeV^ ||3]- The N —> V(1440)l/2^ Dirac (F^) and Pauli (Fp electromagnetic transition form factors, 
as computed from these data, are shown in Fig. |2] Consistent results for the y„pN* electrocouplings 
of the V(1440)l /2^ and V(1520)3/2“ resonances, that have been determined in independent analyses 
of the dominant meson electroproduction channels, Nn and n^n^p, demonstrate that the extraction 
of these fundamental quantities is reliable, since good data description is achieved in the major elec¬ 
troproduction channels, that have quite different background contributions. This consistency also 
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Figure 1. (Color Online) A 1/2 yupN* electrocouplings of the A^(1440)l/2+ (left), A^(1520)3/2 (center), and 
Al(1675)5/2“ (right) resonances from analyses of the CLAS electroproduction data off protons in the Nn - nil 
(red circles) and n^n^p channels 0] (black triangles) with new preliminary results from n^n^p channel 10] (blue 
squares). The electrocoupling results are shown in comparison with the DSEQCD - llffl (blue thick solid) and 
constituent quark model calculations Ci (thin red solid), S (thin red dashed), and EQII (thin black solid). The 
meson-baryon cloud contributions are presented by the magenta thick dashed lines. In case of the A(1440)l/2^ 
resonance (left) they are based on the calculated DSEQCD results and the extracted electrocouplin g da ta, whereas 
the absolute values at the resonance poles taken from Argonne-Osaka coupled channel analysis l22n are shown 
for iV(1520)3/2“ (center) and iV(1675)5/2“ (right). Photocouplings are taken from RPP (H (black open squares) 
and the CLAS data analysis (H of Nn photoproduction. 




Figure 2. (Color Online) The Fj and F'^ p ^ A(1440)l/2+ electromagnetic transition form factors. Exper¬ 
imental results from analyses of the CLAS electroproduction data off protons on Nn 0] (red circles) and on 
n^n^p 0] (black triangles) and new preliminary results from n*n^p channel (blue squares). These data are 
shown in comparison with DSEQCD evaluations (H that start from the QCD Lagrangian and incorporate the 
contributions from dressed quarks only (black dashed line) and the dressed quark contributions after accounting 
for the admixture from meson-baryon cloud as described in Section[3(blue solid line). 


strongly suggests that the reaction models, described in Sec.|3 provide the basis for reliable evalua¬ 
tions of the jopN* electrocouplings, and it is therefore possible to determine these electrocouplings 
for the majority of N* resonances that decay preferentially to the Nn and/or Nnn final states. 
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Due to the rapid progress in the field of DSEQCD (Dyson-Schwinger Equations of QCD) stud¬ 
ies of excited nucleon states HQ, the first evaluations of the electromagnetic transition p —» 
A^(1440)l/2^ Dirac E* and Pauli form factors starting from the QCD Lagrangian have recently 
become available They are shown in Eig. |2]by the black dashed lines and were computed ac¬ 
counting only for the contributions from three dressed quarks. However, we have to account for the 
fraction of meson-baryon degrees of freedom in the wave functions of the ground and excited nucleon 
states. We choose to estimate this by multiplying the p —> A^( 1440) 1/2^ electromagnetic transition 
form factors computed within the DSEQCD approach lllhll by a common 2^-independent factor that 
is fit to the data for 2^ > 3.0 GeV^, where the quark core is expected to be the biggest contributor. The 
p —> A^( 1440) 1/2^ electromagnetic transition form factors obtained in this manner are shown in Eig.|2] 
by the solid blue lines. They offer a good description of the experimental results for 2^ > 1-5 GeV^. 
Discrepancies at smaller are related to meson-baryon-cloud contributions, which are beyond the 
scope of the current DSEQCD approach lEini. The dressed quark mass function used in the DSE¬ 
QCD computations of the p A^( 1440) 1/2^ electromagnetic transition form factors IB is exactly 
the same as the one employed in the previous evaluations of the electromagnetic nucleon form factors 
- and the p ^ A transition form factors |[Il[I3l. This success strongly supports: ^ the relevance of 
dynamical dressed quarks, with properties predicted by the DSEQCD approach yj], as constituents 
of the quark core in the structure of the ground and excited nucleon states; and b) the capability of 
the DSEQCD approach IB [B to map out the dressed quark mass function from the experimental 
results on the 2^-evolution of the nucleon elastic - and p —> N* electromagnetic transition form fac¬ 
tors or rather y^pN* electrocouplings. Studies of the dressed quark mass function will address the 
most challenging and still open problems of the Standard Model on the nature of the dominant part 
of the hadron mass, quark-gluon confinement, its emergence from QCD, and its relation to dynamical 
chiral symmetry breaking which is expected to be a source of more than 98% of the hadron mass in 
universe 01 ■ 

Recent advances in the development of constituent quark models make it possible to extend the 
range in comparison with DSEQCD approaches where a reasonable description of the y„pN* electro¬ 
couplings is achieved by takin g bo th the contributions, the quark core and meson-baryon cloud, into 
account. The two models lIlSl Il9n . that account for the meson-baryon cloud contributions, allowed 


us to considerably improve the description of A^( 1440) 1/2^ electrocouplings at < 2.0 GeV^, con¬ 
firming the relevance of the meson-baryon degrees of freedom for the A^(1440)l /2^ structure at these 
distances, as it is shown in Eig. [T](left). The credible DSEQCD evaluation of the quark core con¬ 
tributions to the electrocouplings of the A^( 1440) 1/2^ allows us to evaluate the meson-baryon cloud 
contributions as the difference between the fit of the experimental data at higher and the quark 
core electroexcitation amplitudes from DSEQCD IB- The meson-baryon cloud contributions ex¬ 
tracted in this manner are shown in Eig. [T] (left). The CLAS results on the y„pN* electrocouplings 
of the A(1520)3/2' resonance are shown in Eig. [T] (center). The quark core contributions to these 
electrocoupling results have been explored within the framework of the two conceptually different 
approaches: a) the hypercentral constituent quark model IB . and b) the Bethe-Salpeter approach that 
employs structureless constituent quarks with momentum-independent quark mass and an instanton 
quark-quark interaction IB. Both approaches provide a reasonable description of the experimental 
results at 2^ > 1 0 GeV^ as shown in Eig. [T](center). At smaller photon virtualities they are unable to 
reproduce the CLAS experimental results. The absolute values of the meson-baryon cloud contribu¬ 
tions from Argonne-Osaka analysis IB . also shown in Eig. [1] (center), are maximal at small photon 
virtualities, where the discrepancies between the quark model expectations and the experimental data 
are largest. The absolute value of the meson-baryon dressing amplitudes for the A 1/2 electrocou¬ 
plings of the A( 1520)3/2“ are much smaller than those for the S 1/2 and A 3/2 electrocouplings as 
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well as for the A 1/2 electrocoupling of the A^(1440)l/2^. This makes the A 1/2 electrocoupling of 
the A^( 1520)3/2“ particularly attractive for the studies of quark degrees of freedom within the struc¬ 
ture of the A^(1520)3/2“ resonance. On the other hand, the results on the electrocouplings of the 
A^(1675)5/2“ resonance are already reasonably described by only accounting for the meson-baryon 
cloud contributions from Argonne-Osaka approach ll22ll . see Fig. [T] (right), since the quark core elec¬ 
troexcitation amplitudes vanish in the limit of the contribution from only the leading SU(6)-spin-flavor 
configuration and remain almost negligible accounting for the quark configuration mixing, see black 
solid line in Fig. [T] (right) 1^ . These results offer for the first time an almost direct access to meson- 


baryon cloud contributions to the N* structure Il23[l because of strong suppression for the quark core 
electroexcitations. 

Analyses of the CLAS results strongly suggest that the structure of nucleon resonances for Q~ < 
5.0 GeV^ is determined by a complex interplay between the inner core of three dressed quarks bound 
into a system with the quantum numbers of the nucleon resonance and the external meson-baryon 
cloud which also depends substantial on the quantum numbers of the excited nucleon state. The 
studies of resonance electrocouplings over the full spectrum of excited nucleon states of different 
quantum numbers are hence critical in order to explore different components in the N* structure. 


3.2 Further evidence for the existence of a new N (1720)3/2^ baryon state 

The combined analysis of n^ji^p electroproduction and preliminary photoproduction data from CLAS 
provides further evidence for the existence of a new N (1720)3/2^ baryon state. For the first time 
signals from the N (1720)3/2^ candidate state have been observed in analyses of the CLAS y„p —» 
jT^TT^p exclusive electroproduction data i^, which shows a pronounced structure in the W-dependence 
of fully integrated cross sections at W ^ 1.7 GeV and in all bins covered by the measurements. 
Analyses of a very limited amount of the single-differential cross sections (three of nine available) 
carried out in |0 within the framework of the oversimplified initial version of the JM model |3. 2^1 
suggested two possible ways to describe the structure observed at W » 1.7 GeV: a) by a dominating 
decay of the V(1720)3/2^ resonance to the jtA final state accounting only for contributions from 
conventional resonances, or b) by implementing a new V'(1720)3/2^ candidate state with parameters 
derived from the CLAS data fit, in which case the hadronic decay widths of all known resonances 
remain inside the ranges reported in the PDG03 ll26ll . 

Further studies of the CLAS —> n^n^p electroproduction cross sections have been car¬ 

ried out within the framework of the current version of the JM model iS0[il outlined in Sec.|2] All 
nine single-differential cross sections were included in the data fit. In the fits we varied simultaneously 
electrocouplings, hadronic decay widths to the ttA and pN final states for all resonances that contribute 
to the region of the structure at W » 1.7 GeV. We also simultaneously varied the non-resonant param¬ 
eters of the JM model. The hadronic decay width of each resonance remains the same in all Q^-bins 
for the electroproduction data. The preliminary CLAS photoproduction data 11211 and the CLAS elec¬ 
troproduction data were fit independently, allowing us to examine the consistency of the resonance 
hadronic parameters extracted from the photo- and electroproduction data independently. 

Two fits of the nine single-differential yr,i,p —^ n^Ji^p cross sections have been carried out: a) 
assuming only the contribution from conventional resonances (fit A), or b) a V (1720)3/2^ candidate 
state was implemented in addition to the contributions from the conventional resonances (fit B). Both 
fit A and fit B provide a good description of the CLAS yr,vP —> n^n^p photo- and electroproduc¬ 
tion cross sections at W from 1.61 to 1.81 GeV with thex^M-P- less than 3.03 and less than 2.80, 
respectively. A reliable description of the resonant content implies a valuable restriction on the reso¬ 
nance hadronic decay widths inferred at different values of photon virtuality Q“. The hadronic decay 
widths of each resonance should be Q^-independent. The hadronic decays widths of the conventional 
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A^(1720)3/2^ resonance obtained from fit A of the charged double pion photoproduction data 01211 are 
listed in the Table|2in comparison with those inferred in fit A of the electroproduction cross sections 

fl. 


Table 2. N(1720)3/2^ hadronic decays determined from the independent fits to the data on charged double pion 
photo- and electroproduction @] off protons accounting only for contributions from conventional 

resonances. 


Resonance 

states 

N* total width 
MeV 

Branching fraction 
for decays to nA 

Branching fraction 
for decays to pN 

N( 1720)3/2+ 
electroproduction 
photoproduction 

126.0+ 14.0 
160.0 + 65.0 

64% - 100% 

14% - 60% 

<5% 

19% - 69% 


The branching fractions for the A(1720)3/2^ decays into the pN final state inferred by fit A of the 
data on charged double pion photo- and electroproduction off protons differ by more than a factor of 
four. Moreover, the branching fractions for the A(1720)3/2^ decays into the ttA final states obtained 
fitting the photo- and electroproduction data are also rather different. This makes it impossible to 
describe both the charged double pion photo- and electroproduction cross sections when only contri¬ 
butions from conventional resonances are taken into account. By implementing a new N (1720)3/2^ 
baryon state , a successful description of all nine single-differential yr,oP —» Ti^n^p photo- and electro¬ 
production cross sections has been achieved. Furthermore, the hadronic decay widths of all resonances 
in the third resonance region as inferred from the fits at different ^ remain 2“-independent in the 
entire range of photon virtualities up to 1.5 GeV“ that is covered by the CLAS measurements SQ 
(Table E]) 

Table 3. Hadronic decays into the ;rA and pN final states of the resonances in the third resonance region with 
major decays to the NttTr final states determined from the fits to the data on charged double pion photo- Jl^ and 
electroproduction implementing a new M(1720)3/2+ baryon state. 


Resonance 

states 

N* total width 

MeV 

Branching fraction 
for decays to nA 

Branching fraction 
for decays to pN 

A(1700)3/2- 

electroproduction 

photoproduction 

288.0+ 14.0 
298.0+ 12.0 

77% - 95% 

78% - 93% 

3% - 5% 

3% - 6% 

N( 1720)3/2+ 
electroproduction 
photoproduction 

116.0 + 7.0 
112.0 + 8.0 

39% - 55% 

38% - 53% 

23% - 49% 

31% -46% 

N'(1720)3/2+ 
electroproduction 
photoproduction 

119.0 + 6.0 
120.0 + 6.0 

47% - 64% 

46% - 62% 

3% - 10% 

4% - 13% 


The implementation of a new A (1720)3/2^ baryon state represents the only way that allows us 
to achieve a good description of the CLAS data on charged double pion photo- and electroproduction 
in all four bins covered by the CLAS measurements, centered at 0 GeV“, 0.65 GeV“, 0.95 GeV“, 
and 1.30 GeV“, with 2^-independent hadronic decay widths of each relevant resonance. This suc¬ 
cess provides sound evidence for the first observation of the N (1720)3/2^ baryon state in the CLAS 
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data iSEl. The electrocouplings of the two close-lying resonances, the new A^'(1720)3/2^ and the 
conventional A^(1720)3/2^, are superimposed in Fig. [3] 





Figure 3. (Color online) Photo- and electrocouplings of the new N (1720)3/2^ (blue squares) and conventional 
A^(1720)3/2+ (black triangle) states as determined from the analysis of the CLAS ch^ed double pion photo- 
and electroproduction data off protons f^ [l2|] within the framework of JM15 model Ft [T ill outlined in Sec. 


The analysis of the CLAS data within the framework of the recent JM model version Hill 
revealed the contribution of a conventional Al(1720)3/2^ and a new N (1720)3/2^ baryon state to the 
n^n^p photo- and electroproduction cross sections at W » 1.7 GeV. The two states have close masses 
(1.743 GeV to 1.753 GeV for V( 1720)3/2+ and 1.715 GeV to 1.735 GeV for V'( 1720)3/2+) and the 
same spin-parities 3/2+, but their hadronic decay widths of the nA, pN final states and Q^-evolution 
of their electrocouplings (Fig. O are distinctively different. All this further strengthens the claim of a 
new V'( 1720)3/2+ baryon state found in the CLAS charged double pion photo- and electroproduction 
data. 
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